INTRODUCTION
============

The incidence of tibial plateau fractures is 10.3/100,000/year, with the majority of complex bicondylar fractures secondary to high-energy trauma.^[@B1]^ A complex bicondylar fracture of the tibial plateau commonly involves fractures of the joint surfaces and the proximal metaphyseal area of the tibia combined with intraarticular soft tissue injuries.^[@B2],[@B3]^

For decades, operative treatment of bicondylar tibial plateau fractures has been the treatment of choice.^[@B4]^ The operative treatment is challenging due to multifragmented bones in combination with cartilage damage and intraarticular soft tissue lesions.^[@B5]^ Several surgical procedures aiming to restore the joint surfaces obtain anatomic alignment of the bone, and rigid fixation has been studied in great depth.^[@B6]--[@B12]^ Surgical procedures often include open reduction and internal fixation, angle-stable locking plates, and/or the use of an external ring fixator with no clear advantage of any of the methods.^[@B6]--[@B11],[@B13],[@B14]^

The outcome after complex bicondylar fractures is reported with different degrees of functional disability, early exit from employment, and restrictions on QOL.^[@B4],[@B9],[@B15]--[@B20]^ Development of posttraumatic OA, early treatment with total knee replacement (TKR), and knee pain are commonly reported.^[@B4],[@B21]--[@B23]^

On average, patients presenting with a bicondylar complex tibial fracture are less than 50 years of age at the time of fracture.^[@B1]^ Therefore, long-term follow-up studies, including patient-reported, radiological, and functional outcomes, are needed to understand the lifelong consequences of both facture types and differences in surgical treatment options.

The objective of this case series was to report the long-term patient-reported and functional outcomes of complex bicondylar tibial plateau fractures in all patients treated with internal fixation in combination with an external ring fixator.

MATERIALS AND METHODS
=====================

Study Design and Recruitment of Patients
----------------------------------------

The study design was a retrospective case series conducted at Aalborg University Hospital between 2005 and 2010, which included all patients with bicondylar tibial plateau fracture treated with internal fixation in combination with an external ring fixator.

Patients between 18 years and 100 years of age were eligible for inclusion. Only patients with complex bicondylar fractures including a metaphyseal extension of the tibia were included (AO-41C).^[@B24]^ Patients treated with angle stable plates, initial and secondary TKR, or internal fixation without the use of an external ring fixator were excluded. Patients not residing in the northern region of Denmark, patients with mental disability, and pregnant patients were also excluded.

All patients were contacted by mail and informed about the study, inviting them to participate. If patients did not reply, a phone call was placed to inform and invite them to participate.

The Danish Data Protection Agency (jrn: 2008-58-0028 ID 2017-90) approved the study. The Northern Denmark Committee for Science Ethics of (jrn: N-20170031) approved the study. The study followed the strengthening the reporting of observational studies in epidemiology statement.^[@B25]^

Data Collection
---------------

Chart reviews were used for retrospective data collection. Patients underwent clinical and radiological evaluations.

The primary outcome of the study was the knee injury outcome score (KOOS).^[@B26]^

Surgical Treatment
------------------

All fractures were managed with screw fixation. Both autogenous and allogenous bone grafts were used. The external fixator (Ilizarov) was fixed to the tibia by both hydroxyapatite-coated half-pins and olive-wires, per surgeon's choice. The alignment of the Ilizarov ring fixator was evaluated and corrected. Proximal fixation of the femur was used when necessary. Following discharge and frame removal, all patients received a standard individual physiotherapy program. Detailed overview of the surgical procedure is presented in [Table 1](#T1){ref-type="table"} and [Figure 1](#F1){ref-type="fig"}.

LONG-TERM FOLLOW-UP PROCEDURE
=============================

Baseline characteristics including the time of fracture, fracture classification, open or closed fracture (Gustilo classification), deep and/or pin infection, diabetes, and mode of injury were recorded from a retrospective review of medical charts.

Patient-reported QOL
--------------------

The KOOS^[@B26]^ is a standardized patient-reported questionnaire developed to evaluate knee problems. Five subscales are included in the questionnaire: pain, ADL, symptoms, sport, and QOL. A score of 100 indicates no symptoms, and 0 indicates major symptoms. The KOOS reference data are available.^[@B27]^

The questionnaire Eq5D-5L evaluate general health outcome.^[@B28]^ The following five dimensions are included: mobility, usual activities, self-care, pain and discomfort, and anxiety or depression, and a self-rated 20-cm scale with end points "the best health you can imagine" and "the worst health you can imagine". An Eq5d-5L index of 1 indicates full health and 0 indicates death.^[@B29]^ Eq5D reference data are available.^[@B30]^

###### 

Details of surgical procedures

  *ID*   *Frame*   *Screws*       
  ------ --------- ---------- --- ---
    1    x                    3    
    2    x                    3    
    3    x                    4    
    4    x                    2    
    5    x                    2   1
    6    x                    2    
    7    x                    2    
    8    x                    2   1
    9    x                        1
  10     x                    2    
  11     x                    2    
  12     x                    2    
  13     x                    2    
  14     x                    1   1
  15     x                        1
  16     x                    2    
  17     x                    2    
  18     x                        2
  19     x                    2    
  20     x                        2
  21     x                        1
  22     x                    2    

Radiological Outcomes
---------------------

At follow-up, lateral projections of the injured knee and standing anteroposterior X-rays were taken of both knees. Knee OA was classified as described by Kellgren and Lawrence.^[@B31]^ No radiological signs of OA were reported as "none", KL grades one and two were reported as "mild", and KL grades three and four were reported as "severe OA". At the time of follow-up, X-rays were evaluated for depression of the articular surface, alignment, and widening of the condyle. Depression of more than 5 mm, widening of the condyle of more than 5 mm, and malalignment of more than 3° \[mechanical medical proximal tibial angle (mMPTA) and anatomical posterior proximal tibial angle (aPPTA)\] compared to the opposite side were considered significant.

Muscle Strength
---------------

Isometric muscle strength was measured by a dynamometer attached to the wall (Mecmesin). Tests of maximal knee flexion and knee extension for both legs were performed. The patients were asked to perform two tests of isometric maximal voluntary contraction for 3--4 seconds. The highest value was used for analysis. Between the tests, a pause of 30 seconds was observed.

Gait Assessment
---------------

The quality of gait and asymmetries were measured by walking on a pressure-sensitive mat (GAITRite System®).^[@B32]^ The system registers spatial and temporal parameters of the gait cycle. Patients walked on a 6-m pressure-sensitive mat with a self-selected walking speed. Characteristics of the gait cycle were evaluated bilaterally with regard to stance time, swing time, single-support time, functional rotation, and step length. The percentage of asymmetry between the injured and the noninjured leg is given.^[@B33]^ Furthermore, coefficient of variance (CV) of swing time was reported as a measure of variability in the gait cycle. Gait patterns were compared to a healthy reference population.^[@B34],[@B35]^

![Surgical procedure](stlr-14-85-g001){#F1}

Statistics
----------

The QQ-plots were used to evaluate the distributions of variables for normality. Continuous data were expressed as mean and standard deviation (SD). Categorical data were expressed as frequencies.

The KOOS data, EQ5D index, and gait characteristics were compared to reference populations^[@B27],[@B30],[@B34],[@B35]^ using overlapping 95% confidence interval (CI).

To evaluate muscle strength between the injured and the noninjured leg and gait outcome, *t* test was used. Gait asymmetry between the noninjured and injured legs was expressed as percentage asymmetry \[100 × ln (injured/noninjured)\] for step length, single-support time, swing time, functional rotation, and stance time. The CV of stance time was calculated as (100 × SD/mean).

The KOOS~4~ was calculated as recommended by Roos et al.^[@B36]^ for further analyzes. Pearson's correlations were used to express the association between KOOS~4~ and the relative difference in muscle strength, radiological outcome, and gait patterns.

A *p* value of \<0.05 was considered significant.

Statistical analyzes were performed using SPSS Statistics for Mac version 25.

RESULTS
=======

A total of 52 patients were treated for a complex bicondylar tibial plateau fracture (AO 41-C) with internal screw fixation in combination with external ring fixation during the study period. At the time of follow-up, it was reported that 3 patients were dead, 12 patients met one of the exclusion criteria, and 15 patients declined to participate.

A total of 22 patients were eligible for participation. Mean age at follow-up was 52.2 years, ranging from 26 to 69 years. Eight patients were female, and 14 were male. The mean time of follow-up was 9.4 years, ranging from 7 to 12 years. [Table 2](#T2){ref-type="table"} presents the baseline characteristics of all patients.

Patient-reported Outcomes
-------------------------

The mean KOOS subscale scores were pain 72.5 (CI 63.1 to 81.9), symptoms 62.7 (CI 54.5 to 70.9), ADL 75.9 (CI 67.1 to 84.6), sport 35.4 (CI 23.0 to 47.7), and QOL 56.4 (CI 45.2 to 67.6). Compared to the reference population,^[@B27]^ the study population reported nonoverlapping 95% CI for the subscales: symptoms, sport, and QOL, implying worse outcome ([Table 3](#T3){ref-type="table"}).

###### 

Baseline characteristics

  *Baseline characteristics of the 22 patients*   
  ----------------------------------------------- ---------------------
  Age at follow-up, mean (range)                  52.2 (26--69)
  Follow-up length in years, mean (range)         9.4 (7--12)
  Time in frame in months, mean (range)           4.6 (2--13)
  Sex, *n*                                         
      Male                                        14
      Female                                      8
  BMI, mean (SD)                                  28.3 (5.2)
  Energy, *n*                                      
      High                                        10
      Low                                         12
  Fracture classification, *n*                     
      OTA-41-C1                                   4
      OTA-41-C2                                   2
      OTA-41-C3                                   16
  Open fractures (Gustilo), *n*                    
      I                                           1
      II                                          1
      III                                         1
  Infection, *n*                                   
      Deep infection                              0
      Superficial or pin infection                5
  Secondary surgical treatment, *n*                
      Removal of screws                           8
      Knee arthroscopy                            2
  Smoking habits, *n*                              
      Never                                       7
      Previous                                    15
      Present                                     4
  Diabetic, *n*                                    
      Yes                                         3
      No                                          19
  Other fractures, *n*                            5
      Crus                                        1 (injured side)
      Calcaneus                                   1 (injured side)
      Digiti pedis                                1 (injured side)
      Femur                                       2 (noninjured side)

*n* = number; SD = standard deviation

###### 

Patient reported outcomes compared to reference populations

                                       *KOOS*                                                                                                                                                   
  ------------------------------------ ----------------------------------------------- --------------------------------------------- ------------ --------------------------------------------- ---------------------------------------------
  Study population                                                                                                                                                                              
      Mean                             72.5                                            62.7                                          75.9         35.4                                          56.4
      95% CI                           63.1--81.9                                      54.5--70.9[\*](#TF3-1){ref-type="table-fn"}   67.1--84.6   23.0--47.7[\*](#TF3-1){ref-type="table-fn"}   45.2--67.6[\*](#TF3-1){ref-type="table-fn"}
  Reference population                                                                                                                                                                          
  95% CI                               86.7--88.2                                      85.4--86.9                                    86.5--88.1   72.5--75.1                                    77.4--79.6
                                       *EQ5D-5L*                                                                                                                                                
  *Index*                                                                              *VAS*                                                                                                    
  Study population                                                                                                                                                                              
      Mean                             0.752                                           73.4                                                                                                     
      95% CI                           0.673--0.831[\*](#TF3-1){ref-type="table-fn"}   65.3--81.5                                                                                               
  Reference population (male/female)                                                                                                                                                            
      95% CI                           0.880--0.896/0.850--0.866                                                                                                                                 

CI, confidence interval

Significant difference

###### 

Radiological outcome

  *Outcome*                         *n*
  --------------------------------- -----
  Postoperatively                    
      Malalignment \>3°               4
      Condylar widening \>5 mm        2
      Depression \>5 mm               7
      Number of affected patients     7
  At follow-up                      
      Malalignment \>3°               4
      Condylar widening \>5 mm        5
      Depression \>5 mm               8
      Number of affected patients   10

At follow-up, the radiological assessments were made on AP and lateral X-rays. *n* = number. Depression of more than 5 mm, condylar widening of more than 5 mm, malalignment of more than 3° (MPTA, PPTA) compared to the opposite site were considered significant

The mean Eq5D-5L index score was 0.752, (CI 0.6783 to 0.831). The mean age of the study population were compared to the corresponding 10 years' incremental age-group of the Danish reference population.^[@B30]^ The study population reported nonoverlapping 95% CI, implying worse outcome ([Table 3](#T3){ref-type="table"}).

Radiological Outcomes
---------------------

At follow-up, X-rays showed 10 patients presented with malalignment, condylar widening \>5 mm, and/or articular depression \>5 mm. Following initial surgery and subsequent postoperative adjustment of the frame, seven patients presented with widening of the condyles \>5 mm, malalignment, and/or articular depression \>5 mm ([Table 4](#T4){ref-type="table"}).

At the time of follow-up, the radiological outcome of knee OA in the injured knee showed 6 patients presented with none OA, 13 patients with mild OA, and 3 patients with severe OA. In the uninjured knee, 15 patients presented with none OA and 7 patients presented with mild OA.

Nonsignificant and weak correlations were found between the presence of malalignment \>3°, condylar widening \>5 mm or articular depression \>5 mm, and KOOS~4~ scores (*R* = 0.22, *p* = 0.32).

Outcome for Muscle Strength
---------------------------

The assessment of maximal isometric muscle strength for knee flexion was 232N (SD 90.3) for the noninjured leg and 211N (SD 99.3) for the injured leg (*p* = 0.58). The assessment of maximal isometric muscle strength for knee extension was 354N (SD 132.7) for the noninjured leg and 325N (SD 158.7) for the injured leg (*p* = 0.27).

Weak and nonsignificant correlations were found between the relative difference in muscle strength and KOOS~4~ scores (knee extension: *R* = 0.09, *p* = 0.71, knee flexion: *R* = 0.17, *p* = 0.44).

Outcomes for Gait Assessments
-----------------------------

The mean gait speed was 122.7 cm/second (CI 109.5 to 135.9). The mean cadence was 112.7 steps/minute (CI 107.3 to 118.1). The study population report nonoverlapping 95% CI between both gait speed and cadence compared to the reference population of normal gait parameters by Oberg et al.,^[@B34]^ implying that no difference was observed in these gait patterns.

Weak and nonsignificant correlations were found between gait speed and cadence and KOOS~4~ scores (speed*: R* = 0.42, *p* = 0.05, cadence*: R* = 0.39, *p* = 0.08).

[Table 5](#T5){ref-type="table"} presents gait characteristics of the injured and the noninjured leg including calculations of asymmetry in gait patterns. The asymmetry in single support was 4.1% and in step length 3.2%. The asymmetry of variability in the swing phase presented as the coefficient of variation was 6.7%.

Nonsignificant and weak correlations were found between asymmetry in gait patterns and KOOS~4~ scores (swing time*: R* = 0.28, *p* = 0.2, single support *R* = −0.28, *p* = 0.2, and step length *R* = 0.09, *p* = 0.69).

DISCUSSION
==========

This case series reported the long-term patient-reported, functional, and radiological outcomes in patients following complex bicondylar tibial plateau fractures, who were all treated with internal fixation in combination with an Ilizarov fixator. At a mean of 9.4 years, follow-up patient-reported outcome score was worse compared to a reference population.

###### 

Gait outcomes

  *Gait outcomes of asymmetry*           *Mean (%)*   *SD*     *p*
  -------------------------------------- ------------ -------- --------
  Single support injured (seconds)         0.41         0.04     0.16
  Single support noninjured                0.41         0.04    
  Single support asymmetry (%)             4.1          3.0     
  Step length injured (cm)               64.6         11.3       0.44
  Step length noninjured                 64.6         11.2      
  Step length asymmetry (%)                3.2          2.7     
  Swing time injured (sec)                 0.42         0.04     0.10
  Swing time non-injured                   0.41         0.03    
  Swing time asymmetry (%)                 4.1          3.1     
  Stance time injured (seconds)            0.66         0.11     0.18
  Stance time noninjured                   0.66         0.12    
  Stance time asymmetry (%)                2.0          1.4     
  Rotational foot injured (°)              6.7          5.5      0.43
  Rotational foot noninjured               7.0          5.2     
  Rotational foot asymmetry (%)          13.3         99.2      
  Variance of swing time injured (CV)      3.6          2.1     
  Variance of swing time noninjured        3.2          2.7     
  Variance of swing time asymmetry (%)     6.7        92.4      

SD, standard deviation

Extensive research has already been performed investigating the functional and radiological outcomes of surgically treated bicondylar tibial plateau fractures. However, most studies included mixed fracture types, different surgical treatment modalities, and did not include patient-reported outcomes on long-term follow-up. The present study reported the long-term knee injury-specific KOOS score and showed worse outcome for the subscale symptoms, sport, and QOL. The generic health related quality of life (HRQOL) score and Eq5D-5L index showed worse outcome compared to a national age-matched reference population. The residual deficit in long-term patient-reported outcomes following bicondylar tibial plateau fractures is comparable to the studies by Ahearn et al.^[@B11]^ (40.5 months' follow-up) and Jansen et al.^[@B12]^ (67 months) in patients treated with open reduction internal fixation (ORIF), locking plates or screws, or external fixation or in combination. Regardless of the treatment modalities, impairments in patient-reported outcomes are common and may be explained by the severe nature of intraarticular bicondylar fractures including multifragmented joint bearing parts of the tibia in combination with injury to the cartilage and intraarticular soft tissue structures.^[@B11]^

Although worse long-term structure-specific (KOOS) and generic HRQOL were observed in the present study, most patients included presented with satisfactory long-term radiological and functional outcomes. Several studies report satisfactory functional and radiological outcomes, regardless of the surgical method used.^[@B11],[@B12],[@B37]^ However, these satisfactory radiological and functional results do not seem to correlate to equally satisfactory patient-reported outcome.^[@B11]^

A high risk of early-onset of posttraumatic OA following tibial plateau fractures is well established.^[@B4],[@B9],[@B12],[@B22]^ The present study showed 6 patients with no OA, 13 patients with mild OA, and 3 patients with severe OA in the injured knee at 9.4 years' follow-up. In the noninjured knee, seven patients presented with mild OA, which might indicate an increased risk of developing posttraumatic OA in the injured knee, compared to the noninjured following a tibial plateau fracture. These results are comparable to other studies reporting on the development of posttraumatic OA following bicondylar tibial plateau fractures. Regardless of surgical treatment modality, the incidence of knee OA has been reported with a wide range between 17% and 83% and with an increasing incidence with age at the time of fracture and loss of reduction.^[@B4],[@B8],[@B12],[@B38],[@B39]^ The present study excluded patients treated with TKR before follow-up. This information is highly important when interpreting the outcome of posttraumatic OA in the present case series, as some patients with severe OA have likely been excluded.

Little is known regarding muscle strength and gait function at long-term following complex bicondylar tibial plateau fracture. Results from the present study showed a decrease in knee extension (8%) and knee flexion strength (9%) at the injured leg compared to the noninjured leg. However, no significant difference between muscle strength for knee extension and knee flexion was found between injured and noninjured leg. This is in contrast to Honkonen et al.^[@B40]^ reporting significant 15% weaker quadriceps strength in the injured limb compared to the uninjured limb at 3 to 13 years' follow-up following a tibial plateau fracture. Moreover, this is supported by Gaston et al.^[@B41]^ reporting significant impairment in knee extension and knee flexion strength and that the majority of patients have not fully recovered 1 year after a tibial plateau fracture. These differences may be explained by the longer follow-up of 9.4 years in the present study. This notion is supported by Honkonen et al.,^[@B40]^ reporting that difference in muscle strength tends to diminish with longer follow-up time. Furthermore, differences in fracture pattern and mode of injury might play an important part, as both Honkonen et al.^[@B40]^ and Gaston et al.^[@B41]^ reported on population with both single-column plateau fractures and bicondylar fractures, which were treated by a variety of different surgical methods.

Short-term asymmetry in gait patterns is commonly reported in bicondylar tibial plateau fractures.^[@B17]^ However, most studies reporting the functional outcome after tibial plateau fractures lack objective measurements of gait function. Results from this study indicated that patients obtained almost normal gait. This is in contrast to Warschawski et al.^[@B15]^ reporting 18% slower velocity and 8% slower cadence in patients 3.2 years following bicondylar tibial plateau fractures. Moreover, Warschawski et al.^[@B15]^ examined the difference in step length and single-limb support compared to a matched reference population and reported significant deviations in patients following a bicondylar tibial plateau fracture. The present study reported gait asymmetries in step length of 3.1% and single support of 4.1% between injured and noninjured leg. Compared with the data on step length from healthy individuals reported by Patterson et al.,^[@B35]^ these findings indicated almost symmetrical gait patterns in patients from this case series, as 3% asymmetry in step length for healthy individuals is reported. The difference in findings between studies may be explained by the differences in follow-up time and surgical procedures, lack of radiological results, and missing data of knee OA. However, all studies included relatively small samples, and more research is needed.

The present study showed nonsignificant and weak correlations between KOOS~4~ and the presence of malalignment \>3°, articular depression \>5 mm and/or widening of the condyle \>5 mm. Moreover, nonsignificant and weak correlations were found between gait outcomes and KOOS~4~ and between relative difference in muscle strength and KOOS~4~. These explorative findings should be interpreted with care due to low rate of participation and large variance in all outcome measurements. As a consequence, large-scale studies are needed to answer these important questions regarding clinical interpretations.

To the authors' knowledge, this is the first study to report the patient-reported, radiological, and functional long-term outcomes of complex tibial plateau fractures, who were all treated with internal fixation in combination with a ring fixator. Several limitations may be addressed. First, the observational design of the study implied that conclusion regarding causality cannot be drawn. Moreover, this case series included only 22 patients that may imply a selection bias due to the rate of participation. However, complex bicondylar fractures are rare, and long-term reports on patients are missing. Moreover, patients treated with TKR have been excluded which might have influenced the outcome as patients with severe OA symptoms are presumed to have worse functional outcomes. Despite limitations, the authors believe that this long-term report provides useful information on complex bicondylar tibial plateau fractures treated with internal fixation in combination with an external ring fixator.

CONCLUSION
==========

In all patients treated with internal fixation in combination with an Ilizarov fixator following a complex bicondylar tibial plateau fracture, long-term decreased knee structure-specific patient-reported outcome (KOOS) was observed. In contrast most patients presented with satisfactory long-term radiological and functional outcomes. More research is needed to understand the complex association between patient-reported outcomes and radiological and functional outcomes.

ETHICAL STANDARDS
=================

All procedures performed in the study were in accordance with the ethical standards of the regional national research committee and with the 1964 Helsinki declaration and its later amendments or comparable ethical standards.

The Department of Orthopaedic Surgery and the Department of Occupational and Physiotherapy, Aalborg University Hospital, Denmark, is acknowledged for proving unrestricted grants.

**Source of support:** Nil

**Conflict of interest:** None
